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A study was made of nucleate boiling bubble dynamics in distilled

ABSTRACT / 2

water under various reduced gravity fields. The nucleation occurred on a
very smooth horizontal nickel surface at low heat fluxes. Since, because
of the smooth surface finish, only a few nucleation sites were active, it
was possible to photograph individual bubbles that were not interfered with
by adjacent bubble columns. Data were taken at seven different gravity
fields in the range from 1.4% to 100% of earth gravity by placing the appa-
ratus on a counterweighted falling platform. Measurements were made of
bubble departure diameters and frequencies, growth rates, contact angles,
base circle diameters, and rise velocities. Comparisons were made to
determine whether the measured gravity dependence of these quantities was

in agreement with that predicted by correlations. in the literature.

NOMENCLATURE
Cp specific heat at constant pressure
D bubble diameter
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g gravitational field f Zf3237 s
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k thermal conductivity
L latent heat of Vaporizatién
q heat transferred per unit area from solld surface to liquid
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Qy, heat transferred per unit area from vapor within a bubble to
bulk 1iquid

T temperature; T, surface temperature; Tygats saturation temperature

AT temperature difference, TW - Téat

t time

u, rise velocity of bubble far from boiling surface

a thermal diffusivity, k/pcP

e contact angle between bubble and surface

p density

o surface tension

Subscripts:

d at detachment

A liguid

n normal (earth) gravity

v vapor

INTRODUCTION

In the design of systems for space applications the effects of

reduced gravity fields must often bg considered. In an orbiting satellite
or in space distant from planetary bodles, the gravity field will closely
approach zero. In a system that is accelerating slightly, or on bodies such
as the moon, the gravity field will be a fraction of that on earth. Heat-
transfer processes such as pool boiling, condensation, and free convection
are gravity dependent and hence would be expected to behave differently in
reduced gravity fields. The effect of gravity has been indicated in numer-

ous theoretical and experimental heat-transfer correlations by the presence
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of a g factor. Although a number of experiments have been conducted to
study high-gravity effects (l to 4), there has been relatively little
experimental work investigating the functional form of the g dependence
in the reduced gravity range.

The present paper is concerned with bubble dynamics for saturated pool
boiling in reduced gravity fields in the range from 1.4% to 100% of earth
gravity. A previous paper (5), concerned mainly with burnout for low-gravity
conditions, gives some information on rise velocitlies and bubble diameters
at departure for boiling water. It was found that the departure diasmeters
increased as g-l/3.5 rather than g'l/z, as 1s commonly indicated in
correlations such as the Fritz equation. In the present study an improved
apparatus was used, which permitted studies of bubble dynamics in greater
detail. In (5), the nickel ribbon used as a test surface was generally
quite crowded with nucleation sites, and bubbles probably interfered with
each other. Consequently, the dlameters measured at bubble departure were
likely not those of single bubbles grown from a single nucleation site with-
out interference from adjacent bubbles. Also, the nickel ribbon in (5)
was only 0.2 inch wide, and hence the bubbles may have had a tendency to
grow asymmetrically, that is, elongated in the direction along the ribbon
length. This would be especially true under reduced gravity conditions
where the bubbles can become quite large for boiling water.

In the present apparatus, bolling took place from a flat, horizontal
circular area 7/8 inch in diameter. This permitted the bubbles to grow in
all directions with equal ease. The test surface was carefully lapped and

polished, which greatly reduced the bubble population in the low heat flux
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range. This permitted the detailed observation of bubbles growing from a
single site that were not interfered with by adjacent bubble columns, a
condition not readily obtainable when using ordinary englneering surfaces.
Since the theorles of bubble growth generally deal with isolated bubbles,
the intent was to obtain these idealized conditions experimentally in order
to provide meaningful comparisons with isolated bubble theory. From the
motion plectures of individual bubbles, measurements were made of departure
diameters and frequencies, growth rates, dynamic contact angles, base
clrcle dlameters, and rise rates for six reduced gravity fields and for
normal earth gravity.

The reduced gravity flelds were obtained by placing the boiler and
camera on & platform that could be raised and then dropped 12.5 feet.
Different rates of downward acceleration were fixed by attaching counter-—
weights of various sizes. When the counterweights were completely removed,
there was still some frictlon in the system so that the lowest gravity
fleld attainable was 1.4% of earth gravity.

Measurements in reduced gravity fields should be helpful for determin-
ing which theoretical predictions and experimental correlations are most
general. For example, in (6) a correlation is briefly mentioned where the

-1/3 -1/2 as in

dlameter of a departing bubble varies as g rather than g
the Fritz equation, and differences of this type remain to be resolved. In
departure theory a correction accounting for the bubble growth rate or the
Inertia associated with the bubble is generally neglected for normal gravity
fields except in a few references such as (7) and (8). However, at low

gravities the total buoyancy force on a bubble may become very small; hence,




the effect of inertia may become more significant. In the present study,
the data will be compared with theories and correlations given in the
literature to indicate which factors have increased importance when the
gravity field 1s reduced.

EXPERIMENTAT, APPARATUS

Counterweighted drop tower. - A simplified diagram of the drop tower

is shown in Figure 1(a) and is a refinement of the apparatus used in (5)
and (9). Part of the main structure of the tower was constructed by
modifying a machine originally used to shock-test electronic equipment.
The boiling experiment was mounted on an aluminum platform thatvcould be
dropped 12.5 feet before being decelerated by a sand bed. Vertlcal pipes
mounted underneath the platform penetrated into the sand to bring the
equipmgnt to a gradual stop. The plaﬁform was centered between vertical
ralls by eight soft rubber wheels, which were in light contact with the
rails and rotated freely on bearings. In order to obtain various fractional
gravity fields, an adjustable counterweight was used to regulate the rate
at which the platform descended. While the platform is being decelerated
by the sand bed, the counterweights are decelerated by a friction brake
mounted on the counterweight holder. No attempt was made to overcome éll
the friction in the system, which Qould be required for studying zero-gravity
conditions. The minimum gravity attainable when the counterweight was
removed was 0.014 gp-

Test boiler. - The boiler construction is illustrated in Figure 1(p).
The boiling test surface is at the end of a copper rod, the base of which
is heated by two 500-w. cartridge heaters. The circular bolling area is

surrounded by a thin fin 0.020 in. thick, which is an integral part of the
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rod. The entire plece was machined from a single large rod in order to
prevent any boiling from cracks that might have developed at the junction
between the rod and fin had they been two separate pieces. The fin
attenuates the surface temperature so that boiling does not occur from
the fin area or from the O-ring joint around the outside of the fin.

This prevents bubbles from rising in the foreground, which would obscure
photographing the test area.

The present study deals with individual bubbles originating from
isolated nucleation sites. If several sites are present and closely
spaced, the bubbles often interfere and sometimes merge with each other.
This 1s especially true in low=-gravity fields where the bubbles in water
can grow quite large. Thus, it was desirable to have only a few widely
separated sites on the surface. To limit the number of natural sites,
the surface was carefully prepared. After machining, it was polished
with fine emery cloth and then lapped to a 4-M in. rms roughness. Then
it was given a thin nickel plating (about 0.0005 in.) and finally polished
with a paste of water and very fine levigated alumina. The final polish-
ing was repeated before each use of the boiler. With these surface condi-
tions and a low heat flux, it was possible to obtain only one or two
nucleating bubble columns on the 7/8—in.-diam. test area.

Two 250-w. cartridge heaters were mounted in copper fins extending
through the top of the boiler. The fins provided a heat source along
both sides of the liquid container that keptbthe fluid at the saturation
temperature.

The boiler was mounted in a plywqed box filled with powdered insula-

tion. Only the test surface and glass enclosure were left exposed.
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Instrumentation. - As shown in Figure 1(b), iron-constantan thermo-

couples were mounted in 0.030-in. holes at several positions along the
axial length of the copper rod. Successive holes were spaced 90° apart
around the periphery to provide as little interference as possible with
the symmetry of the axisl flow of heat. The thermocouple measurements
gave the temperature gradient along the rod from which the heat flux could
be evaluated. The temperature distribution was extrapolated to give the
surface temperature. The temperatures were read by both & Brown recording
potentiometer and a Rubicon precision potentiometer. The Brown recorder
was useful because of its rapid indications of the temperature levels,
which facilitated checking on the thermal equilibrium of the equipment.
Photographs were taken with a 16-mm Fastax high-speed motion picture
camera. Lens extension tubes were used to magnify the field; generally
an area about 1 by 3/4 in. was photographed. It was not desirable to
use too great a magnification as the bubbles in low gravity can become so
large that they grow out of the field of view. The camera spéed was
regulated with a Variac and was generally about 3500 frames per second.
A 500-cycle square-wave generator (standard Fastax accessory) was used to
place timing marks on the film every one-thousandth of a second.
I1lumination was provided by a single 750-w. photo spotlight mounted
about 5 in. above and 15 in. to the rear of the test surface. This type
of backlighting was found to give good contrast so that thé bubble out-
lines were clearly defined. A flat circular cell containing 1/2 in. of
water between two pieces of plate glass was placed between the light and
the boiler. This absorbed most of the heat from the light, and thus thermal

equilibrium was not disturbed when the light was turned on.
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The fluid temperature was measured with two thermocouples each
mounted inside a staiﬁless steel tube 0.0625 in. in diameter. One of
the tubes was extended into the photographic field to provide a standard
of size for calibrating the bubble measurements.

Before taking data, the rate of descent of the platform corresponding
to various counterweight loadings was measured so that the effective
gravity field on the platform would be known. All of these calibratlion runs
were conducted under test conditions, that is, with all the necessary
equipment mounted on the platform. Some small balancing welghts were pro-
vided at each corner of the platform; these welghts could be moved around
to keep the platform balanced when the apparatus was rearranged without
changing the total platform welght. A vertical measuring scale was fastened
to the wall adjacent to the drop tower. For various counterweight sizes,
the scale was photographed as the platform descended. The change of dis~
tance AS was read from the film for each time interval At as recorded
by the timing marks on the film margin. A plot of AS/At as a function
of t was then made, and the data gave a well-defined straight line for
each counterweight size. The slope of this line was the platform acceler-
ation, and earth gravity minus this acceleration gave the effective gravity
field in which the boiling was taking place.

Experimental procedure. - The method of operation can be conveniently

described by discussing a typical experimental run. The test surface was
cleaned, polished, and wiped with tissue and distilled water, and the boiler
was then assembled and filled with water. The upper heating fins were

turned on to bring the water to the saturation temperature and drive off
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dissolved gases. The test section was heated slowly in order to activate
only a few nucleation sites. The water was boiled for a few hours to
achieve a steady-state condition and for deaeration. If the number of
active sites was excessive, this procedure was repeated until a situation
was obtained where a steady stream of bubbles issued from only one or two
sites.

With all instrumentation readied, the platform was raised into position
and the counterwelght loading was adjusted to provide the desired gravity
field. The photographic light was turned on, and a switch was then closed
which simultaneously started the camera and an Industrial timer. After a
preset time interval (usually about 1/4 sec.) the timer activated a solenoid
release, which dropped the platform. As soon as the platform started to
move, it energized a microswitch in the pulse generator circuit, which
placed a light flash on the film margin to identify the beginning of the
reduced gravity period. By providing a time delay before releasing the
platform, the first part of each film recorded nucleation under normal
gravity conditions so that comparisons could be made with the reduced gravity
period immediately following. The counterweight was then adjusted to pro-
vide another gravity field, and the runs continued until the same nucleation
site had been photographed in all the different gravity fields. Two or
three 100-ft, rolls of film were taken for each site at each gravity field.
Thermocouple readings were taken only with the platform at rest, as the
thermal capacity of the system was too large for temperature changes to ocecur

during drops of approximately l-sec. duration.
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RESULTS AND DISCUSSION

In this section the experimental results will be presented and
compared with some of the theories given in the literature. First a
discussion of the test conditions is warranted. The total duration of
each test run was about 1 sec. The runs were initiated from a steady-
state condition at normsl gravity, and hence the heat flux and surface
temperature are initially at an equllibrium condition corresponding to
1l gne The duration of the reduced gravity period is sufficiently short
so that, considering the high thermal capacity of the heating plate, the
temperature distribution of the test surface probably does not change
appreciagbly. Hence, during the test, the conditlions are probably not
identical to those for equilibrium at low gravity. However, in (5),
measurements for nucleate boiling in reduced gravity indicated that the
curve of q against TW - TSat depends only slightly on gravity in the
reduced gravity range. Hence, the present tests may be close to equilib-
rium as far as these quantities are concerned, but additional data are
needed to confirm this. Another consideration is the temperature distribu-
tion in the fluid layer near the surface. For boiling in normal gravity
there is a thin layer of superheated liquid near the surface. For low
surface heat fluxes the thickness of this layer is partially governed by
free convection, and hence it would be expected that the layer thickness
would increase when gravity is reduced. The analysis in (10) can be used
to provide a rough indicatlon of the transient time required to establish
a free-convection boundary layer. This indlcates that if a heat-flux were

suddenly applied to a plate in reduced gravity the transient time varies
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as l/(g/gn)o'4 and hence can become large when g becomes very small.

For the heat flux range in these studies (q ~ 11,000-18,000 B.t.u./hr.-ft.2)
and g/gn = 0.1, the transient time for a plate with a characteristic length
of 1 in. 1s about 3 sec.. Hence, some transient effects may be present in
the liquid at the lower gravities and should be kept in mind when evaluating
the present work. It would be desirable to have longer periods of reduced
gravity, but this is difficult because of the large height required for

the counterweighted drop tower.

The boiling films were analyzed by viewinglthem on a Vanguard Motion
Analyzer, which projected a magnified image on a ground glass screen. To
obtain the best possible comparisons with theory based upon single isolated
bubbles, measurements were made only on bubbles growing from single nucle-
ation sites. In some instances, after a bubble was partially grown, other
nucleation sites would be initiated near the bubble base, and this would
cause small bubbles to merge with the original bubble. Measurements were
not made for this type of bubble.

Nucleation cycle In reduced gravity. - As the gravity field is reduced
A s

the bubbles begin to rise very slowly because of the decreased buoyancy
force. This leads to a bubble coalescence mechanism that 1s much less .
frequently observed during normal gravity boiling. After a bubble departs
and begins to move upward, i1f its rise velocity is small, the next bubble
growing at the surface will collide with it because of the rapid rate at
which the bubble dlameter increases during the early stages of growth.
When the gravity field is only a few percent of normal gravity, a bubble

will detach and then remain close to the surface for perhaps 0.1 sec..
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During this time the bubbles formed at the nucleation site will contact the
detached bubble and merge with it, thereby being pulled from the surface
before they can grow very large. This is shown by the sequence of photo-
graphs in figure 2(b). Several bubbles will rapidly feed into the larger
bubble until it finally rises out of range. Then the next bubble will
grow in an undisturbed manner.

The low-gravity boiling regime is thus characterized by a distinctive
cyclical behavior. An undisturbe@ bubble will grow to its final size and
detach in a normal manner. Then several small bubbles will pump into it
before it can rise away from the surface. The large bubble thus serves és
a temporary'vapor sink near the surface and absorbs the new bubbles while
they are relatively very small. The bubble frequency is quite high when
the small bubbles are pumping into the larger one. ?his could greatly
increase the turbulence induced near the surface, wh;ch would promote a |
high heat~transfer coefficlent. Hence, this portion of the bubble cycle
could play an important role in reduced gravity boiling heat transfer.

Another bubble coalescence mechanism, which may have some similarity
to the present bubble cycle, is the hydrodynamic transition from isolated
bubbles to continuous vapor columns discussed in (11). Hence, it is of
interest to compare the present results with the formula derived in (11),
which predicts when this transition should take place:

897+ )1/4

o, - P,

1/2 '
transition = 0.11 vaG ( (l)

For site 2 the heat flux was 17,700 B.t.u./(hr.)(sq. ft.) (see téble I),
and during most of the bubble growth period the contact angle was about

47° (table ITI (Y ). For these conditions, equation (1) can be solved




for the gravity field at which transition should ocecur, and this gravity
field is found to be about 1% gn- However, coalescense was observed

at higher gravities as evidenced in Figure 2(b) which depicts conditions
for 6.1% g, and thus equation (1) does not agree with the present results.
The discrepancy may result from using u_ as the bubble rise velocity
near the surface in the derivation of equation (1). As discussed later,
results of the present study indicate that the rise velocity immediately
after bubble detachment is much smaller than wu,, which is not attained
until the bubble has risen about 0.7 in. from the surface. Using a

lower velocity than wuw, would increase the predicted gravity field at
which transition should oceur for a given q and bring equation (1) into
better agreement with the present observations.

Diameter of bubbles at depanture. - The diameters of single bubbles

were megsured at the instant that they broke away from the surface. In
many instances the bubble formed a short cylindrical neck Jjolning it to
the surface, and this short vapor column was pinched off (generally not
right at the surface) at the instant of departure (see Figure 2(a)).

Thus, a small vapor mass was left behind which served as a nucleus for the
next bubble. The helght and width of the bubble were measured at departure,
and the average of these measurements was used as the diameter. In the
beginning portion of each film roll, there were generally about 10 bubbles
in the normal gravity period that were not interfered with. For each
fi1lm roll, an arithmetic average diameter was computed for these bubbles
and is given in the columns labeled N (normal gravity) in table II(a) for

four different nucleation sites. For each site the values in the N
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columns were averaged to give a final average for the normal gravity condi-
tion, and these values are listed in the column labeled Dd,n'

As the gravity flelds were progressively reduced, the bubbles became
much larger and had considerably longer growth times. At several percent
of normal gravity only two or three bubble histories could be photographed
on a roll of film, while for 0.429 g, there were about 20 bubble histories.
Hence, the average values given in the columns labeled R (reduced gravity)
in table II(a) have a greater statistical weight for the higher gravities.
For 0.014 gy the growth time was approximately equal to the length of
the test run; hence, only a small amount of data is given because of the
difficulty of obtaining a complete history for a bubble that had not been
interfered with during its growth.

The variation of bubble diameters is given in Figure 3 as a function
of the fraction of normal gravity g/gn. Each data point corresponds to
the average departure diameter at a particular site and reduced gravity,
divided by the average of all the normal gravity data taken at that site.
The solid llne is drawn through the average of the data points at each
gravity with the exception of the point at g/g, = 0.014.

Several theoretical relations have been proposed for predicting the
size of bubbles at departure from a horizontal surface, and some of these

will now be considered. The best known is the Fritz (12) equation,

1/2
91v (2)
Dg = 0.0208 6|3 5 - oy

where the contact angle 6 1is in degrees.
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A relation by Zuber (6) is

697y kAT 1/3
Pa = [g(pz =Py 4 ] (=)

A correlation given by Staniszewski (8) is

20
- v (dD)
Dy = 0.0071 6 o~ 7, [1 + 0,435 { == J (4)

where dD/dt 4s in inches per second.

Cole (13) gives the equation

1/2 -0.22
c go
v v
D, = 0.040 0 (5)
¢ [g‘pz B DV)J [ué(f?z - pv>]

First consider how well these equations predict the departure
diameters for normal gravity. The data for sites 1 and 2Aare given as

follows:

Experimental Computed
Dd, ns in;

Site|Dg , | €, (dT/dt)d’n
in. |deg.| in./sec | Bq.(2)|Eq.(3)|Eq.(4)

1 }0.093( 38 1.0 0.078 | 0.065 |0.054
2 «134| 47 1.0 096 .064 .067

The g and AT needed for Equation (3) are given in table I. The values
of (dD/dt)d for Equation (4) have been taken from Figures 5(a) and (b) and
are approximate average values. All of the predicted diameters are too low
and the best results are given by Equation (2), although thé values are
still about 20% too low. No results were computed from Equation (5) because

it was not possible to determine accurately the magnitude of uy, the bubble
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rise velocity at departure. This is especlally true as gravity is reduced
because the rise velocity immediately after departure is very small. This
is evident from the bubble paths glven in Figure 8(a), which indicate the
difficulty of defining the slope of the curve at departure.

Since the departure dilameters for normal gravity have been discussed
at great length in the literature, we turn after. thils brief discussion to
the gravity dependence aspects. Equation (2) contains both a gravity
factor and the contact angle at departure. The data in table IITI indicate
that for a particular nucleation site the contact angle does not depend
significantly on g. Hence, Equatlon (2) predicts Dy ~ g"l/z, which is
the trend of the data in Figure 3 for g/g, less than about 0.1. For
g/gn > 0.1 the trend is more like g/gn"l/s, as indlcated by Equation (3) e
Equation (4) has a dynamic growth factor (dD/dt)d, which depends on g.
Values of (dD/dt)d obtained from Figures S(a) and (c) for site 1 are

as follows:

g/e, |(ap/at) g, Dd/Dd,n
in./sec.

1.0 1.0 1.0

' 429 .8 1.43
«229 oA 1.71
.126 .5 2.38
.061 .2 3,06
<030 .2 4.38
.014 .3 6.65

These values are only approximate because of the difficulty in measuring
the slopes of the growth curves obtained from the data. With 6 inde-

pendent of g, Equation (4) gives

Dy <_5>—l/2 [_1_+ 0.435(aD/dt) 4 J (42)

Dan  \& T+ 0.43§Taniat)d’n
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Calculated values for Dd/Dd,n are listed 1In the previous table. The
dynamic growth factor in brackets in Equation (4a) brings the theory into
better agreement with the experimental data as shown in Figure 3. In
the low~gravity range the values of (dD/dt)d become small and falrly
constant, and hence Equation (4a) reduces to almost a (g/gn)"l/2
variatlon, which agrees with the trend of the data. From this it appaears
that the dynamics of bubble growth have significant effects on the
departure dlameter.

Frequency of single undisturbed bubbles. =~ It 1s first necessary to

clearly defline the frequency discussed here. For the nucleation sites
that were observed, the walting time between the departure of a bubble
and the beginning of the next bubble was always zero and consequently
does not have to be accounted for in the present calculations. Hence,
the frequency 1is defined here as the reciprocal of the growth time for
single undisturbed bubbles. It is thus an idealized frequency that
would exist if the site were emitting a stream of bubbles, none of which
ever coalesced with each other. Actually, as described previously, there
are periods of very high bubble frequency not considered here, where
bubbles are being formed and removed from the surface by a large bubble
that remains close to the surface because of its low rilse rate in reduced
gravity.

Table II(b) presents the average frequency at each site for both the
reduced gravity and normal gravity portions of each film roll., The column
labeled f, gives the average for each site of all the normal gravity

frequencies. The ratio f/fn has been plotted in Figure 4(a), which shows




8 general trend of f decreasing directly with g. This means the bubble
growth times become much larger when gravity 1is reduced. However, this
may not always be the case as evidenced by the data from site 2, where

f/f 1s practically constant in the reduced gravity range. These data

n
have a higher q and At than the other three sites, but definite con=-
clusions as to the influence of g and At cannot be made without
additional data at higher heat fluxes.

Figure 4(b) presents the gravity dependence of the frequency~diameter
product. A general gravity dependence i1s Indicated that is on the order
of fD ~ gl/2¢ For each nucleation site, however, fD appears to have a
tendency to become constant as g 1s reduced.

In (14) a correlation is presented where fDl/2 was found to vary as
gl/2, e present data have been so correlated and are shown in Figure 4(c).
The data are quite scattered and do not follow the predicted trend. As
in Figure 4(b) there is a tendency for the curves at each site to become
less dependent on g as g 1is reduced. The levellng out appears to
be a function of the heat flux (or AT) and implies that the frequency-
diameter product becomes less dependent on gravity as the heat flux is

increased.

Bubble growth rates. - When Investigating the boiling process by

examining the detalls of bubble dynamics, a factor of fundamental importance
1s the rate of growth of bubbles while they are attached to the surface.

In the present experiments the water was always at the saturation temperature
so thatgrowth and collapse in subeooled liquidswere not considered. There
are several experiments in the literature on growth rates under normal

gravity conditions, and there are considerable mathematical apalyses
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providing growth rate predlctlons. Since the present work is primarily
concerned wilth the effect of gravity, these references will not be re-
viewed in detail. The experimental results will be compared wilth a few
of the predictions, and additional information on previous growth rate
work can be found, for example, in (15) and (16). The growth rate
predictions have not indicated a gravity dependence (gravity of course
has an effect upon the departure time), and one of the objects of the
present study is to determine whether or not a gravity dependence is
physically exhiblted.

The growth rate predictions used for comparison will now be listed.
Fritz and Ende (17) considered bubble growth 1n an infinite uniformly
superheated liquid. The heat conduction into the bubble was determined
by having the temperature profile in the liquid adjacent to the bubble
boundary equal to that for unsteady heat conduction in a slab. Their

analysis resulted in the equation

D= 2KAT .1/2 (6)

vaq/xa

Plesset and Zwick (18) included the influence of liquid inertia and
accounted for the effect of the spherical shape of the boundary upon the
temperature profile, rather than using the temperature distribution in a

slab as done by Fritz and Ende. Thils gave the result

4k AT .1/2
D = —t 7
VE (7)

which is the same as Equation (6) except for a +/3 factor.
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Forster and Zuber (19) derived a similar expression

D= z(________llkAT ‘tl/z (8)

2
va1/ﬂd

which 1s again the same as the previous expressions except the constant
in front 1s now x/z. Zuber (20) congidered growth in a nonuniform
temperature field and introduced a correction factor for sphericity to

obtalin

7 4k AT 1/2 2qy, ]
D = = + -— 1t (9)
a [va(m)l;z Ley

All of these expressions were derived for growth in an infinite
medium away from solld surfaces. Surface tensiony viscosity and inertia
were not considered to be important. Eguations (6), (7), and (8) indicate
a steady increase of dlameter with the square root of time, while
Equation (9) predicts that a maximm diameter will be reached. More
elaborate growth models have been gilven, for example, in (7), which
includes inertia and surface tension for a bubble growing on a surface.
The equations must be evaluated numerically, and, since this was not
carried out in (7), it is not known whether the model would provide im-.
proved results.

First the growth rate cﬁrves will be examined for normal gravity.
These are shown in Figures 5(a) and (b) for sites 1 and 2. For clarity
only a few representative curves have been shown, although all other data
fell within these ranges. The growth rates for the two sites differ some-
what because the test condlitions are not the same as shown in table I.

For comparison with theory the bubbles selected for measurements were of



symmetrical shape and were interfered with as 1little as possible by pre-
ceding bubbles.

For both sites the Plesset-Zwick and Forster-Zuber predictions are
too high. For site 1 both the Fritz-Ende and Zuber predictions provide
reasonable agreement with the data. For site 2, Zuber's curve lies
closest to the experimental points. However, as will be shown later,
Equation (9) does not seem physically realistic because it predicts that a
maximum bubble slze will be reached, and this 1is not found experimentally.

Considering now the reduced gravity range, growth curves for site 1
have been plotted on Figures 5(c) and (d). Additional data are given in
table ITI(b) for site 2. The data for gravity flelds equal to and above
0.061 g, are for bubbles that were typical of several bubbles that were
examined at each reduced gravity. For 0.014 and .03 g, the growth
times were very long and so it was difficult to obtain a complete bubble
cycle during the test time available. Hence, the data plotted for these
fields represent only a single bubble. Whether or not the bubbles measured
were typical is uncertain in view of the lack of additional bubbles to
compare with. Thus, the very low gravity data should be given less statistical
weight.

In the logarithmic plot (Figure 5(d)} the Fritz-Ende relation offers
the best general agreement over the entire range of data. However, if
the data are grouped into initial (< 0.02 sec.) and final (> 0.02 sec.)
growth periods, this relation does not indicate the observed diameter
variation during the final growth period. The data indicate D ~ t3/8

compared with tl/z from theory. In the initial growth period the time
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exponents were observed to range from 0.5 to 0.8. Staniszewski (8) ob-
served that generally the exponent is greater than 1/2 and sometlmes
reaches the value of 1 in the early stage of bubble growth; afterwards

it decreases with time and in the late stage is approximately 1/3. The
total growth time in his experiments was on the order of only 0.030 sec.,
however, which 1s characteristic of normal gravity. For all the bubbles
observed 1n the present study the same qualitative behavior was indicated
by the data. Usually the decrease in growth rate oceurred about 0.010 to
0.020 sec. after initiation of the bubble.

It 1s interesting to note that for even the longest bubble cycles
(0.76 sec.) a maximum bubble size was not attained. In ohservations of
normal gravity bubble growth rates, the combination of short cycle times
and scatter in measurements could give the Iimpression that a maximum
bubble size will be reached (when dD/dt = 0), which indicates a deficiency
of energy available to maintain a net vapor formation. However, the very
long growth times that ocecur in low-gravity fields do not give evidence
of such a deficlency. This is indicated in Figure 5(&), where bubbles are
observed to grow steadily in accordance with the relation D ~ tl. In
Equation (9) the correction term ~2qbt/LpV causes the bubble to reach a
maximum diameter, whereas a maximum is not indicated by the data. In
order for the theoretical curve to agree with the data i1t would be necessary
for the maximum in the theoretical curve to occur at a time after the ob-
served bubble detachment. Possibly the quantity qp should be less than
the heat flux g, as assumed in (20), and should also be a function of

gravity, The growth analysis in (16) is of interest in that it offers a




possibllity for including a gravity dependence having a physical basis.
The theory depends on the thickness of a thermal layer of heated fluid
adjacent to the surface. In the region of low heat flux the thermal
layer thickness may partly depend on free convection, and, hence, the
layer thickness would be a function of g. This wlll be Investigated in
the future after additional data have been obtained for water and other
fluids.

Dynamic contact angles. = A parameter that may influence bubble

departure dlameters and growth rates is the time variation of contact
angle (dynamic contact angle) between the bubble and the surface while
the bubble is growing. In the present investigation, contact angle measure-
ments were made during bubble growth for six reduced gravity fields in
addition to normal earth gravity. For each data point the contact-angle
was measured at both sides of the bubble and averaged arlithmetlically.
It was found very difficult to make accurate contact angle measurements
because extreme clarity and high magnification are required before one
can tell whether the actual contact angle at the roet of the bubble is
belng measured rather than the slope of the bubble close to the root. In
view of the considerable judgment and interpretation required for these
measurements, the aceuracy is estimated to be wilthin about 10°. However,
since one person reads a given set of data wlth the same interpretation
throughout, the aceuracy of readings relative to one another is better.
Contact angle measurements are shown in Figure 6 for bubbles growing
at site 1 in three dlfferent reduced gravity fields. Data for other
gravity flelds have been omltted for clarity but are tabulated in

tables ITI(a) and (b)e Generally for each bubble the contact angle was
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found to remain approximately constant during growth, except for short time
intervals at the beglnning and end of the growth period. In addition,

for site 1 (table ITI{a)) the contact angle did not vary appreciably with
the magnitude of the reduced gravity field. For site 2 (table ITII(b)) the
contact angle decreased slightly as gravity was reduced. It was observed
that, when a bubble begins to detach, a short cylindrical neck i1s often
formed between the bubble and the surface. During this formation the
contact angle increases toward 90°. This is not shown in Figure 6 because
the curvature of a bubble at the surface is often so abrupt that the

slope may not be measured aceurately.

Han and Griffith (7) propose a criterion for departure diameters that
is dependent upon the dynamic contact angle. In their experiments the
departure size was found to be a function of the "receding dynamic contact
angle” rather than an average contact angle, which is normally used. In
their examination of Staniszewski's experiments (8), which indicated a
dependence of departure size upon bubble growth rate, they suggest that
these apparent dynamic effects upon departure size should instead be
attributed to changes in contact angle. In view of the constancy of the
contact angle for the very long growth tlmes examlined herein, it seems
more reasonable that contact angle changes are not a cause for departure
of the bubble, but instead are a consequence of the distortion caused
by 1ts impending departure.

Bubble base width. -~ The width of the bubble base at the surface

(contact eircle dlameter) was meapured during bubble growth at two sites

for seven gravity flelds. The data are given in tables ITI(a) and (b),




—25—-

and some of the data has been plotted in Figure 7, which gives the base
wldth during growth at site 1 for four reduced gravities. All of the
curves have a rapld initial increase in base wldth. The width may not
actually start from zero in all cases because sometimes there is a small
vapor mass left behind when the previous bubble detaches. Throughout
most of the growth period the base width remained reasonably constant
and then decreased rapldly as the bubble began to detach. Since detach-
ment often resulted from the breaking of a short cylindrical neck between
the bubble and surface, the base at the surface does not necessarily drop
to zero.

Figure 7 shows that for bubbles from site 1 the maximum base width
achleved during growth ineresses notably with decreasing gravity. For
site 2, however, as may be seen from table ITI(b), the increase is much
less. As shown in table I, the heat flux for site 2 was larger than that
for site 1 so that the gravity dependence may be a function of this parameter.

In (16) (see Figure 11 of that reference) the relation between the
bubble base width and the bubble height 1s discussed with respect to the
computations in (21). For bubbles up to a range of about 1/16 ineh in
diemeter the results in (21) predict bubble base radii approximstely equal
to bubble helght., The present base sizes are considerably smaller, as
11lustrated by the normal gravity bubble in Figure 2(a).

Rise veloelty of detached bubbles. =~ The data for site 1 were taken

at a little lower magnification than for the other sites. Thus, the
plctures covered sufficient area so that bubbles could be followed for
about 1 in. of rise from the surface. Bubbles were selected that appeared

to have as little Interference as possible from other bubbles in the column.
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For normal gravity, measurements were made for several bubbles, and
a typical bubble path is shown in Figure 8(a), which gives the height
of the center of gravity above the surface as a function of time. After
the bubble has moved upward about 0.7 in., the slope of each curve be=-
comes constant and gives the freely rising velocities listed in table IV.
The veloclities for normal gravity were in the range between 11.3 and 12.1

in./secs An equation from (22),

o380, - p) M4
Uy = 1.18 [ 5 V.J
P

(10)

predicts a u_  of 7.26 in./sec. for normal gravlity, which is substantially
less than the measured values. According to (23) the constant in

Equation (10) should be 1.53, which would give better agreement. Some
bubble paths for reduced gravity are i1llustrated in Figure 8(a). The
vertical line drawn through some of the curves glves the time after which
no more bubbles generated at the surface coalesce with the rising bubble.
For 0.014 g, the coalescence process had not been completed when the run
ended. Veloclties computed from the slope at the upper ends of the curveé
are given in table IV. Figure 8(b) gives the ratio 1,1.00/um’n as & function
of gravity. Equation (10) indicates that um/hm,n ~ (g/gn)l/4, and this

1s in very good agreement with the data shown in Figure 8(b) except at the
lowest gravity. Fer this gravity, it was not possible to follo& the
bubble very far before the low~gravity period ended because of its slow rate

of rise, Hence, the bubble had not accelerated to its final steady veloclty.
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CONCLUDING REMARKS

One of the most notable observations on the effects of reduced
gravity on bubble dynamics was the very rapid removal of small vapor bubbles
from the bolling surface by a previously detached bubble that momentarily
remained Just above the surface because of 1ts slow rise rate. The
nucleation in low gravity cannot be thought of as a succession of large
bubbles at low frequency, but rather as one large bubble, then several
small bubbles of high frequency that are absorbed by the large bubble, and
then a large bubble again. The large bubbles thus serve as temporary
reservoirs for removing vapor from the surface. The average bubble fre-
quency 1is actually much higher than that for the particular bubbles measured
here, which are those not interfered with. This helps maintain a high
turbulence level near the surface so that as the gravity field is reduced
the heat~transfer coefflcients may still remain high.

It was not possible to measure heat-transfer coefficlents with the
present apparatus because of the short duration of the tests and the
large thermal capacity of the heating surface. It is planned to make these
measurements in the future by using a very thin wire as a heating element.
This type of heating element is not desirable for studles of bubble dynamics,
however, because the surface area is so small. This is especially true in
reduced gravity where the bubbles become quite large for bolling water.

For the single bubbles measured herein, it was found that the diameters
at departure increased approximately as g“l/3 for fields between O.1 and
1 gn, and for lower gravities increased as g“l/z. The latter is the

functional relation predicted from considering a balance of surface tension
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and buoyancy forces at departure. The inclusion of a dynamic term, dD/dt,
as suggested by Staniszewski (8) gave an improved correlation, so it
appears likely that dynamic forces do play a significant role in bubble
departure.

The results for the frequency-diameter product at departure were much
more scattered than the departure diameters. There was a general trend
of fD to decrease as gravity was reduced and then tend to become fairly
constant below a certain gravity. The gravity at which the curve became
more nearly constant increased with q so that for higher q's it is
possible that fD may become independent of gravity.

In reduced gravity the bubbles become quite large, and the growth
times are long compared with those in earth gravity. The bubble size
increases continuously, aceording to the approximate relation D ~ tB
where n = 0.5 to 0.8 for t < 0.02 sec. and n = 3/8 for t > 0.02 sec..
The growth curves can be approximated fairly well by s tl/2 behavior,
but this does not reveal that the growth rate is actually much more rapid
during the initial stages than during the final stages. Even after long
growth periods the bubbles do not exhibit a tendency to reach a constant
dlameter as has been postulated in one of the growth theories.

The bubble contact angle was found to be essentially independent of
gravity. Also, during the relatively long growth perilods for reduced
gravity, the contact angle remained substantially constant except during
a short initial perlod and near bubble departure. The larger bubbles in
reduced gravity were accompanied by larger base widths (contact circle

diameters).




The rise velocity of bubbles after departure is initially small and
then increases to a steady value after the bubble has moved about 0.7 in.
from the surface. This steady value is a function of gravity and was
found to agree very well with theory predicting u, ~ gl/4.

The preceding results are all for individual bubbles formed on a
flat horizontal surface in distilled water. For a more viscous liquid
the drag and dynamic forces may have & different relation to the buoyancy
force, and hence the behavior in reduced gravity could be considerably
different than the present results. Some preliminary studies have

exhibited this and will be the subject of future study.
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TABLE I. - HEAT FLUXES AND
TEMPERATURE DIFFERENCES

DURING DIFFERENT

TEST RUNS
Site B E’ Ty = Tsats
CRICRER) °F
1 10, 900 11.1
2 17, 700 17.0
3 12, 700 12. 4
4 12, 700 12.4
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TABLE II. - BUBBLE DEPARTURE DIAMETERS AND FREQUENCIES AS A FUNCTION OF GRAVITY

(a) Departure diameter, in.

Gravity | 100 42.9 22.9 12.6 6.1 3.0 1.4
for test
" run,
percent -
of gn '
Site Dd, n N* R* N R N R N R N R N R
1 0.093 10,088 0,117| 0. 094 [0, 1460, 092|0.18110.093]0.257]0. 089] 0. 363| ¢. 098 0. 479
a e134 | —mee| —eeef L1134 L195] LL135] .252| J134] L3L0| mem=]| meme] e e
3 .106 | .105 .139) .102| .176] .112| .222| .108| .380| .102| .484| —wee| wmem
4 .101 | .078| .120| .104| .151{ .106| .205| .109] .254] .106| .375| ——mm| —m—m
(v) Frequency, 1/sec.
Site :f‘n N R N R N R N R N R N R
1 49.9 |[55.8 |27.2 |49.1 [14.6 [|48.8 9.{89 38.6 |3.03 {45.6 |1.61 |6l.6 |1.35
2 24,1 [-mmn |-mmm [25.2 | 6.72(24.2 |6.21 [22.9 [5.10 |=mmm [mmmm [moem [omem
3 27.6 |21.4 116.6 |22.1 7.77|47.2 [6.6F |27.7 [1.96 |19.5 [1.67 |==em |mmem
4 59.0 [58.3 | 36.5 |58.4 |23.8 |54.7 [6.80 |61.3 [4.84 |62.3 [2.47 |eeme |meee

*N and R wrefer to normal and

reduced gravity portions

of a test run.
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TABLE IV. - VELOCITIES OF FREELY RISING BUBBLES

g/gn U, (each number is for | Average u,

a different bubble), in. /sec.
in. /sec.

1 11.34; 11.91; 11.96; 11.80
11.85; 11.62; 12.11

.4291 9.69; 9.88 9.79
.229 8.14; 8.57 8.35
.126( 6.92; 6.39 6. 66
.06l 5.83; 5.87 5.75
.030 | 4.99 4.99
.014| 2.5 2.5
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(a) Counterweighted drop tower.
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(Total height, 22.5 ft.).

Fig. 1. - Experimental apparatus.
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(b) Test boiller assembly. ~7 4

Fig. 1. - Concluded. Experimental apparatus.
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NORMAL GRAVITY, REDUCED GRAVITY,
! g 0.061 g,

0.006 SEC
— f—1186"

0.016 SEC 0.070 SEC
— p—1216"

0.045 SEC 0.230 SEC

Fig. 2(a). - Comparilson of bubbles growing in normal gravity and 6.1% of
normal gravity for site 2. Time 1s measured from onset of growth for
each bubble. (The black vertical probe at the top of each picture is
1/16 in. wide.)
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0.256 SEC
FIRST BUBBLE JOINS
DETACHED BUBBLE

0.2375 SEC
FIRST BUBBLE IS PULLED
INTO DETACHED BUBBLE

0.247 SEC
SECOND BUBBLE JOINS
DETACHED BUBBLE

— | 1/16"

0.250 SEC
SECOND BUBBLE IS
PULLED IN

-

wo b

S

T

[
i
3
x

~

b

0.265 SEC
THIRD BUBBLE JOINS
DETACHED BUBBLE

0.268 SEC
THIRD BUBBLE
IS PULLED IN

0.303 SEC
FOURTH BUBBLE JOINS
DETACHED BUBBLE

0.309 SEC
FOURTH BUBBLE
IS PULLED IN

0.3ii SEC
BUBBLE MOVES AWAY AND
NEXT BUBBLE WILL
GROW UNDISTURBED

Fig. 2(b). - This is a continuation of the growth of reduced gravity (0.061 g,) bubble in Fig. 2(a).
Tt shows the merging of successive bubbles with undisturbed bubble in Fig. 2(a).



*90BJJINS WOJJ JUSBWYOBISP JO 3UBZGSUT 3B saTqqng
peqanisipun STSUTS JO SJI939WEIP Uo A3TABJIZ poonpad Jo 309JJd - *¢ '3

“6,6 ‘ALIAVHO HL¥V3I 40 NOILOVYA

Td

10

ol 8 9 v Z’ I 80 90" ¥O° (40}
DU L L A
fm\_.hco\ov ~(“Pg /Pq)
IIII/
IIII:..I
JAUND IVINIWINIAXT VATV N Rl
> N>, O T
N N
V) % /:/l
¢ v
A O
_ o)
31IS
NOILV3TONN

L202-d

O

—0'¢




B-2037

£/f,

DIMENSIONLESS FREQUENCY,

.08
06

04

.02

g
I

N
|

T I T l Il

NUCLEATION
SITE

| A e | P T e

Ol

.02 .04 .06 .08 . .2 4 6 8 10
FRACTION OF EARTH GRAVITY, g/g,

(a) Effect of reduced gravity on frequency (1/growth time) of
single undisturbed bubbles.

Fig. 4. - Correlations of frequency and diameter data.
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BUBBLE DIAMETER, D, IN.
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(a) For four typlcal bubbles in earth gravity; site 1.

Fig. 5. - Bubble growth data.
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{(b) For three typlcal bubbles in earth gravity; site 2.

Fig. 5. - Continued. Bubble growth data.




s

*B1EP UazMmodd aTqang 'penujjuc) - *g ‘ITg
*T 9378 feproTd £77ABA8 3USJLJJTD USA®S UT sarqqng Teofdfy Jod ()
. [ ’
23S + "dWIL
9 G v ¢ rA |’

L0 90 GO +vO €0 20 100 O _ _ _

_ _ _ _ T

3

(00

o
, ‘Nl ‘G
¥3L3IWVIa 3198ng

19
0¢
7l

oaobNo 4ad

ALIAVYEO HL1¥V3 -
40 IN3Jd3d

L20g-&

™

‘Nl ‘d "¥313WvIa 3199n89

M

<



*glep yaMmodd eTqang ‘pPepniouc) -

' *3T4

*T 8375 f{8pratj L£37ABIZ BNOTJBA J0O4 (p)

'23S '+ ‘3WIL
_ 3 10’ 100’
___ 1 _ | _ I _ __ _ I _ 1 _ I _ _ _d T _ T _ _ _nV
o .
<O w\ ¢0
'®) )
< \W\tw\““\““ <)
= .
\\AM“\ g0
~ Tan
N 7 “ﬂ\xﬂ%\\“\ ] w.o
(02) ¥38nz- \\Q\
~
~
(L) uozuuN:Eu__# == 1.
/e¥~0~ 00l v
~ . -
- = 6'22 o
\\\\\\ . v
C 7 7716l u3anz-¥3Lsy04 0% o
~ == 7 o) —H 9
~ 1a-
2277 -(81) ¥OIMZ-13SS3d ALIAVES HLYV3 e
ad 40 LN30¥3d — 0l

Lg0g-&

‘NI ‘G ‘¥313WVIa 3799n9



*gpTeTd £374BI8 JUSISIITP
ooqu3 40 T ©3T1S 3@ YjMoxd oTqqndg FulJnp UOTIBTIBA STIUB 3IBIUOD - 9 "3Td

'03s '+ "3WlL
8 L o . 4 ¢ 4 ¥

o

| | ! I} ! | | |

Le02-d

0¢

'93d '@ 'ITONV LIOVLINOD



*spPToTy £31TABIZ JULSJISIITP INOJ JOJ T 9118 3B YIMOJIF

Sutanp uoTyeTIRA (JI9IBWBTP STOILLD 30BIUCD) UIPTH SSeq STAqnd - * L ‘814
. [} '
3 4+ NI
L 9’ G 14 ¢ A I’ 0
_ ] _ ! _

90

80

o

L
>

L20g-d

‘NI "HLAIM 3svg 3194ang



E-2037

HEIGHT OF CENTER OF GRAVITY OF BUBBLE
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(a) Rise of center of gravity of bubbles above surface after detachment for
five gravity fields; site 1.

Fig. 8. - Behavior of bubbles after detachment.
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